This paper investigates the influence of inhomogeneous head tissue conductivity on EEGs. A head model with inhomogeneity of radial and tangential conductivity is built up. Based on this model the EEG signals are calculated using the finite elements method. The results show that the inhomogeneous radial and tangential conductivity of skull tissue, which has been ignored so far, can cause about 5% difference compared with commonly used homogeneous conductivity head models.
Introduction
In the past decades a lot of head models have been developed for electroencephalograph (EEG). These models range from the simplest single sphere to the sophisticated realistic one developed using 2-D Magnetic resonance imaging (MRI) slices. The influence of anisotropy has been evaluated with analytical methods 1 , with the finite element method (FEM) in a spherical head model 2 , and with FEM in a realistic head model 3 . But none of these researchers considered the inhomogeneity of the radial and tangential tissue conductivity. Little is known about the role played by local conductivity in head model 4 . This study addresses the influence of head modelling approximations, and focuses on the assumption of inhomogeneity of skull conductivity in the radial and tangential directions. The relevant questions are: how to include the inhomogeneity in a head model; how to compute the EEG signals based on this model; and under what conditions can the influence of this inhomogeneity be neglected? The most pertinent way to answer these questions is to evaluate the role of inhomogeneity in the electrical conductivities of head tissues 5 and particularly the inhomogeneous bone anisotropy, since the presence of the skull greatly affects the scalp potential distributions 6 . In this paper, the influence of skull inhomogeneity in the radial and tangential conductivity is evaluated for the EEG signals in a concentric spherical head model. First a head model with inhomogeneous conductivity in the radial and tangential directions is built up using the pseudoconductivity method proposed by Wen et al 7 . Then the potentials on the scalp are calculated. Based on the calculated potentials, the influence is evaluated by computing and comparing the distributions obtained from models with homogeneous anisotropic tissues.
Problem background
The human head consists of different tissues that can be either isotropic or anisotropic. Each tissue can be characterised by a conductivity tensor. This tensor reduces to a scalar when the conductivity of the tissue is isotropic. In the EEG signal calculation or EEG forward problem, the computation of the scalp potential, assuming a source current density, requires solving the governing equation 
where ¦ is a subset of the outer surface T * , and T * is the outer surface of solution domain : . For problems with simple geometry (such as that of a dipole inside a sphere), an analytic solution to Poisson's equation can be found.
Unfortunately, in EEG this usually is not possible because of the numerous inhomogeneities inherent in anatomical structures of a head. The solutions of bioelectric field problems in the head are usually tractable only when one employs a numerical approximation method such as the finite difference method (FDM), FEM, boundary element method (BEM), or multigrid method (MGM) to solve the governing equations [4] [5] [6] . These numerical methods do not satisfy the governing equation exactly, instead they attempt to apportion the error evenly over the entire domain, and approximate the solution of the governing equation.
Among these numerical techniques FEM is one of the most common techniques for obtaining approximate solutions to boundary value problems of mathematical physics such as the Poisson's equation. One of the main strengths of FEM is that it computes an estimate of the potential field around each element based on the material properties of that individual element. This property is helpful in that it allows a different conductivity tensor to be allocated to each element within the model. Theoretically, we can apply FEM to equations (1), (2) and (3) to determine the potential at each node in the head model no matter how complicated the head tissues are.
Method
All the models used in this study contain four separate tissues: the scalp, the skull, the CSF, and the brain. The elements of four concentric spheres have been generated to allow comparison in the results from models with and without inhomogeneous tissue conductivity. The outer radii of tissues are taken to be 8.8 cm for the scalp, 8.5 cm for the skull, 8.1 cm for the CSF, and 7.9 cm for the brain. Linear tetrahedra with four nodes and planar surfaces were employed. The meshed model has 20880 tetrahedral elements. The scalp, skull and CSF shells are each composed of 5400 elements, and the rest 4680 elements are in the brain volume. This geometry serves as a basis upon which the models with homogeneous and inhomogeneous conductivity along the radial and tangential directions are built.
This meshed model was generated using the package ANSYS. As the coordinates of the nodes from ANSYS are given in terms of x, y and z, a transformation is necessary before we can apply FEM to find the solution. The transform formulae are listed as the follows. In cases where the values of x or y at some nodes are very small, one of the alternative formulae (7) or (8) The skull has shown the strongest inhomogeneity in the radial and tangential directions among these tissues 3-4, 6-7 . The standard deviations of scalp, skull, CSF and brain conductivities are approximated as 30%, 50%, 0% and 30% of their mean conductivities respectively [6] [7] . In this study the skull is assumed to be the only layer that may have inhomogeneous anisotropy in conductivity. Table 1 lists the standard deviations of each tissue for this assumed model. These parameters together with the mean conductivities of each tissue in Table 2 are used to develop the tissue conductivities for each element in the head model using the pseudo-conductivity method proposed by Wen et al Table 2 gives the normalised average radial and tangential conductivities used for each tissue 3, [5] [6] . Radial and tangential directions are used to define the anisotropic conductivity tensor of the skull. The radial direction in a volume element of the skull is defined as the direction normal to the external plan of the skull surface element. The tangential directions are contained in external plan of the surface element. Based on the above parameters, the inhomogeneous conductivities for each of these tissues are generated using the pseudo-conductivity method. As the skull is supposed to be anisotropic, the pseudo-conductivity method is employed twice to generate the tangential conductivity and the radial conductivity respectively.
Finally, two head models are built up by assigning conductivity to all elements. One model is with homogeneous conductivity and another is with inhomogeneous conductivity. Both models have included the tangential and the radial conductivity. Each model was tested twice, once with a radial dipole, and then with a tangential dipole.
The radial dipole and tangential dipole were initially located at the same place just below the cortex. Their eccentricity, which is the ratio of the distance from the dipole to the centre and the radius of the external surface of scalp, was 0.85. Gradually the dipoles were moved toward the centre of the model along the radial direction, i.e. their eccentricities are decreased.
Simulation and result
The influence of inhomogeneous conductivity of skull tissue was studied in these spherical models. The measures were calculated when the skull tissue in the model was changed from homogeneous to inhomogeneous conductivity, with all other tissues remaining at the values specified in Table 2 .
Two measures introduced by Meijs et al 8 , the relative difference measure (RDM) and the magnification factor (MAG), were employed. The definitions are given below. The potentials have been computed on the external boundary of the scalp for the radial and tangential dipoles separately. The results for RDM and MAG are listed in the following tables.
Clearly the results for tangential and radial dipoles are very similar in RDM from Table 3 and 4. In both cases, RDM increases as the dipole moves toward the scalp. However, it appears that the influence is slightly stronger for a radial dipole than for a tangential dipole. Comparing the neighbouring RDM values in Table 3 and 4, we find that the differences are becoming bigger and bigger as we move from the left to the right. It means that the errors are increasing as the dipole becomes closer to the cortex. On the cortex, the relative differences are 0.045=4.5% for tangential dipole and 0.052=5.2% for radial dipole. Table 4 . RDM for radial dipole. Table 5 and 6 show the effect in MAG. Unlike RDM, in both cases MAG decreases as the eccentricity increases, this means that the influence becomes stronger as the eccentricity increases from 0.2 to 0.85. Since the magnification factor MAG is less than 1.0, the primary effect is to reduce the amplitude of the scalp potential. The effect is visible even for low-eccentricity dipoles, for example eccentricities of 0.2 and 0.4. When the eccentricity increases, anisotropy leads to a greater diffusion of the potential distribution. On the cortex, the relative differences are (1-0.957)=4.3% for tangential dipole and (1-0.945)=5.5% for radial dipole. Table 6 . MAG for radial dipole.
Conclusions
The inhomogeneity of skull tissue in the radial and tangential direction has a significant impact on the scalp potential calculations. The relative difference can reach above 4% in tangential dipole case and above 5% in radial dipole case when the dipole is located at the cortex. Therefore, the influence of inhomogeneous anisotropy of skull tissue has to be taken into consideration in EEG head modelling if a more accurate result is required for the EEG forward problem calculation.
